Ryk is a ubiquitously expressed tyrosine kinase-like receptor of unknown activity and associations. We examined ryk expression in adult mouse epithelial tissues and during embryonic development at the histological level. Ryk RNA is present at greatly increased levels in cells at particular stages of epithelial dierentiation: the basal layer of skin and tongue epithelia, the intervillous layer and some crypt bases of the intestine and the lower matrix region of the hair follicle. Although ryk RNA is expressed at similar levels in a variety of tissues from embryonic day 10.5 to 18.5, speci®c induction of ryk RNA can be seen by in situ hybridization in the basal layer of skin and hair follicle at day 15.5 ± 16.5, and protein staining localizes to the hair follicle by immunohistochemistry. At day 4.5 and 6.5, little if any ryk is present in the blastocyst, but it is transiently induced at a high level in mature decidual cells of the uterine stroma. We review a number of independent isolations of ryk, including fruit¯y and nematode members of the ryk family. Because ryk is induced in epithelial cells seeking a ®nal place in a dierentiated tissue, or during remodeling of the endometrium, and a homologous gene, derailed, is known to regulate muscle and nerve target seeking in Drosophila, ryk may also be involved in cellular recognition of appropriate context.
Introduction
Ryk, a molecule related to receptor tyrosine kinases, is expressed widely and at relatively high levels in comparison with other tyrosine kinase family members. Its widespread expression has led to its cloning by PCR-based strategies (Wilks, 1989 ) from the K-562 chronic myelogenous leukemia cell line (clone`JTK5', Partanen et al., 1990) ; day 17.5 fetal mouse cerebellum and limb bud (clone`PTK1', Stark et al., 1991) ; a peritoneal macrophage cDNA library (Hovens et al., 1992) ; cell line T10, a subclone of the murine plasmacytoma T1165 (`nyk-r', Paul et al., 1992) ; the NB41 neuroblastoma cell line (`ntbk-1', Maminta et al., 1992) ; 12.5 day post-coitum mouse placenta (`vik', Kelman et al., 1993) ; highly enriched erythroid progenitors (`MRK', Yee et al., 1993) ; hematopoietic stem cells (clone`stk-4', Iwama et al., 1994) ; intestinal crypt epithelium (Siyanova et al., 1994) ; day 8 fetal yolk sac and day 14 fetal liver (clone`9B4', LarssonBlomberg and Dzierzak, 1994) ; low density bone marrow cells (Simoneaux et al., 1995) ; E-5 mouse thymus medullary epithelial cells (Potworowski and Beauchemin, 1996) ; the SKOV-3 human epithelial ovarian cancer cell line (Wang et al., 1996) ; a primitive neuroectodermal tumor (Weiner et al., 1996) ; and perinatal developing kidney (Kee et al., 1997) .
As a result of these independent isolations, the tissue distribution of ryk at the RNA level has been extensively studied (Table 1) . Ryk has been detected in almost every tissue examined. Among cell lines, expression is more variable, with reports of a variety of nonexpressing and overexpressing cell lines of many tissue types (Partanen et al., 1990 , Paul et al., 1992 , Maminta et al., 1992 , Yee et al., 1993 , LarssonBlomberg and Dzierzak, 1994 , Wang et al., 1996 . Expression in neuroectodermal tumors does not appear to be correlated with progression of disease or c-myc ampli®cation (Maminta et al., 1992) , but in stroma and epithelium of ovarian tumors ryk expression increases with tumor progression (Wang et al., 1996) .
Comparison of six mouse ryk sequences veri®es that the nyk-r sequence (Paul et al., 1992 ; Genbank accession L02210) agrees with the consensus throughout the entire region in which three or more homologous sequences can be compared (nearly the entire length), and hence can be regarded as de®nitive, the sole exception being the`TA' at bp 2125 ± 2126 of the published sequence, which is absent in two other publications of the same region. The MRK sequence (Yee et al., 1993) extends another 31 bp in the 5' direction, and has been shown by primer extension to include all but 51 base pairs at the 5' end of the gene. Mouse ryk RNA hybridizations have given two transcripts of equal intensity in all tissues examined, and two bands are seen in rat intestinal mRNA (Park and Tyner, unpublished data), but human ryk has only one strong transcript of 3.0 ± 3.4 kb (Wang et al., 1996 , Tamagnone et al., 1993 . Mouse transcripts with ®ve dierent polyadenylation sites have been reported (Paul et al., 1992 , Kelman et al., 1993 , Yee et al., 1993 , Simoneaux et al., 1995 , as well as an alternately spliced transcript which diverges from the others only 4 bp after the stop codon (Simoneaux et al., 1995) . The human Ryk protein is 93% identical to mouse Ryk (564/610 amino acids), and surprisingly the 3' noncoding sequences for mouse and human are also highly conserved, with 78% (436/557) nucleotide identity after the stop codon.
Discussions of ryk homologies have concluded that ryk is a highly diverged member of the receptor tyrosine kinase family. Alignment using the PCR-ampli®ed fragment (Partanen et al., 1990) placed the human ryk clone's divergence at or before the divergence of met, sea, igf1r, insulin receptor, trk, ros and sevenless. A subsequent alignment of the complete catalytic domain (Stacker et al., 1993) indicates a later divergence of ryk and met; nonetheless, many characteristics of kinases other than met have been proposed for ryk. While the catalytic domain resembles met and v-sea, weak homology has been proposed between a fragment of the extracellular domain and trk (Maminta et al., 1992) . Two other kinase-related molecules, klg and CCK4, de®ne a novel subclass of the receptor tyrosine kinases with weak (39% for klg) homology to v-sea (Chou and Hayman, 1991, Mossie et al., 1995) . These kinases, like ryk, are mutated in the GXGXXG and DFG motifs and lack kinase activity in standard assays; however, their sequence and organization, with seven extracellular Ig repeats, bear no exceptional similarity with ryk. Kelman et al. (1993) ®nd homology and a potential structural similarity between vik and the insulin receptor: a sequence KRRK, found between the only two cysteines in the mouse sequence, is reminiscent of the proteolytic cleavage site between alpha and beta chains of insulin receptor precursor. All six residues are conserved between mouse and human sequences. Tamagnone et al. (1993) propose that human ryk resembles ros and sevenless in spanning the plasma membrane twice, with the 5' end remaining in the cytoplasm. Alternatively, a downstream CTG could be used for initiation.
Because ryk contains divergent motifs, several groups have sought to measure its catalytic activity. Immunoprecipitation of Ryk from Triton-100 extracts of mouse NIH3T3 cells, followed by in vitro kinase reaction, yields several potassium hydroxide resistant labeled bands, yet phosphoamino acid analysis indicates that they represent phosphoserine and phosphothreonine, suggesting that they are produced by an associated serine-threonine kinase (Hovens et al., 1992) . Fusion protein containing the intracellular domain of Ryk fails to phosphorylate poly (Glu, Tyr) or acid-denatured enolase in vitro, nor does it cause detectable tyrosine phosphorylation when expressed in bacteria. Immunoprecipitation and autophosphorylation of human ryk using several antisera also failed to demonstrate tyrosine kinase activity (Wang et al., 1996 , Stacker et al., 1993 .
Comparison of Ryk immunoprecipitations by several groups indicates a strong degree of posttranslational modi®cation. In vitro transcription and translation of human Ryk with T7 polymerase and reticulocyte lysates demonstrates an approximately 70 kD protein product, predicted by sequence (Stacker et al., 1993) . Expression of cDNA constructs in COS cells yields a single 85 kD band (Yee et al., 1993) . Immunoprecipitation of human ryk from MCF-7 cells (Stacker et al., 1993) or mouse ryk from NIH3T3 cells (Hovens et al., 1992) yield approximately 90 kD products, while immunoprecipitation of human ryk from CHO cells yields a 100 kD product and from 41 M cells yields two bands around 116 kD (Wang et al., 1996) . Additionally, bands can be seen at 35 ± 45 kD in each case, possibly indicating a cleavage fragment. The substantial increase in Ryk protein size likely re¯ects the presence of ®ve predicted N-linked glycosylation sites in the extracellular segments of mouse and human Ryk (Paul et al., 1992 , Stacker et al., 1993 .
Despite these data, Ryk remains a ubiquitous, orphan receptor of unknown catalytic activity, associations, and biological function. In this paper we present a survey of its expression on the RNA and protein levels during embryonic development and in adult epithelial tissues, seeking to infer a function from the details of its distribution.
Results

Ryk expression occurs in a dierentiation-speci®c manner in several epithelia
We initially cloned ryk as one of nine tyrosine kinases ampli®ed from cDNA prepared from a crypt-enriched epithelial fraction of the mouse small intestine (Siyanova et al., 1994) . In the adult small intestine, the stem cells and a rapidly dividing transit population located within the crypts continually repopulate the epithelium, producing dierentiated enterocytes, goblet cells and enteroendocrine cells which emerge and ; G: Tamagnone, 1993; H: Wang, 1996 . Categorization of expression levels is based on comparison of the data in the original articles, which must be consulted for more precise comparisons. Italicized references (G, H) represent experiments with human probe and RNA samples; otherwise, the experiments used mouse probe and tissue. Notes: (1) ryk was cloned from this tissue but could not be detected by Northern hybridization.
(2) Additional, higher molecular weight transcripts were observed (Wang, 1996) . ( migrate along the villi which extend into the lumen, as well as the Paneth cells which migrate to the base of the crypts (Cheng and Leblond, 1974) . Examination of the distribution of ryk expression by in situ hybridization indicates that the RNA is expressed most highly in the lower villi ( Figure 1a and b), but intriguingly, there is also a patchy distribution of positively expressing crypts (Figure 1c ± d) . This may represent expression in small groups of Paneth cells or precursors which are missed in the plane of section of some crypts, but which participate in general dierentiation-associated ryk expression.
Other adult epithelial tissues yielded a variety of striking expression patterns in which epithelial cells of particular dierentiation states produce far more ryk mRNA than the remainder of the tissue. However, ryk expression in other epithelia does not match the more advanced state of dierentiation of the intestinal cells, but instead coincides with replicating populations. In the adult mouse tongue (Figure 2a ± d) , ryk expression localizes to the basal layer of the strati®ed squamous epithelium, where the dividing cells are located, giving rise to upward-migrating layers of dierentiated cells, and also to the columns of proliferating cells which give rise to the ®liform papillae of the upper surface of the tongue (Figure 2a and b) (Hume and Potten, 1976) . In the hair follicle, stem cells are present at the bulge region of the outer root sheath, and produce a transit amplifying population which moves downward to the base of the bulb, where the cells contact the dermal papilla and form the layers of hair, cuticle, and inner root sheath which subsequently move upward with hair growth (Rochat et al., 1994) . Ryk is present speci®cally at the base of the bulb, and appears absent from the upper region of the bulb, where cells of both lesser and greater degrees of dierentiation are present (Figure 2e and f).
Non-epithelial structures, such as the muscles and arteries of the tongue, or subcutaneous fat of the skin, consistently hybridized much more weakly and evenly than the epithelial structures. Although the studies cited in Table 1 suggest that ryk is expressed at equal or higher levels in skeletal or cardiac muscle as in duodenum and intestine, in situ hybridization stresses epithelial expression. An explanation for this is suggested by tongue hybridization (Figure 2c and d). Expression of ryk in the muscle at top is a fraction of that present in the basal epithelium, but the highexpressing basal layer is only one cell thick, whereas the entire mass of muscle expresses homogenously. While the ®liform papillae and hair follicles express higher levels, they represent only a small fraction of the overall tissue mass.
Ryk expression occurs throughout embryonic development, and at high levels in the primary decidual zone of uterine stroma Highest levels of ryk expression were generally observed in structures that dierentiate late in embryonic development from simple monolayers. However, when we examined ryk levels by RNase protection in total RNA extracts from a range of embryonic time points from day 10.5 ± 18.5, and from day 18.5 intestine (Figure 3 ), overall ryk expression varied little. As in the adult, it appears that the uniform overall expression of ryk overwhelms the eect of speci®c induction in the epithelium.
When RNA was examined in situ at embryonic day 16.5, hair follicles and the basal layer of the developing skin produce a strong signal in a pattern similar to that seen in adults (Figure 4a and b) . In the tail of a day 15.5 embryo, basal localization of ryk in the newly stratifying skin appears only slightly enhanced and ryk expression is uniformly present at approximately equal levels in most tissues other than developing bone (Figure 4c and d) . At day 9.5 and 11.5 (data not shown), a strong, homogenous hybridization occurs throughout embryonic and extraembryonic fetally derived tissues, while maternal tissues can be distinguished by a lower level of ryk expression.
Immunohistochemistry of the day 16 embryo con®rms that the high level of ryk RNA expression in newly developing hair follicles of the whisker pads translates into a strong protein localization ( Figure 5 ). The protocol used here was unable to detect Ryk staining in other embryonic structures, but yielded a speci®c signal in hair follicles that could be eliminated At embryonic day 4.5, some ryk mRNA appeared to be present in the inner cell mass (Figure 6c ± f) , a result consistent with previous detection of ryk in embryonic stem cells (Yee et al., 1993) , but this is overshadowed by a dramatic pattern of induction surrounding the blastocyst, corresponding to the decidualization of maternal uterine stroma in response to implantation (Figure 6a and b) . Within this region, induction appears to be sharply delimited at a point within the predecidual region, and increases to a maximum in the most strongly dierentiated deciduocytes near the embryo. By contrast, ryk is much more weakly expressed in the uterine epithelial monolayer immediately surrounding the blastocyst, which undergoes apoptosis and becomes detached by the evening of day 4.5 post-coitus, as well as in the region of primary decidual epithelium immediately adjacent to the embryo, which is fated to undergo subsequent involution and phagocytosis by trophoblastic giant cells (Abrahamsohn and Zorn, 1993) . In regions of the uterus far from an implanted blastocyst, there appeared to be low, uniform induction of ryk in the uterine epithelium and adjacent uterine stroma. Ryk induction continues through day 6.5, surrounding the embryo in an asymmetric manner re¯ecting the antimesometrial progression of decidualization ( Figure  7a and b) . Weaker induction is visible in the surrounding region, except in the uterine glands. The epithelium of the uterine glands and the uterine lumen, as well as a region located mesometrially to the embryo, express very little if any ryk. Because a central region of this tissue corresponding to the secondary decidual zone no longer expresses ryk as it had at day 4.5, and maternal induction was not detected at later time points, the strong ryk expression appears to persist for approximately two days in individual stromal cells, presumably moving outward from the embryo in association with the induction of Figure 2 In situ hybridization indicates speci®c ryk RNA expression in the basal layer and replicating papillar columns of the dorsal tongue (a,b), the basal layer of the ventral tongue (c,d) and the lower, dividing bulb region of the hair follicle (ELF). B, basal layer; P, ®liform papilla. Yellow auto¯uorescence seen in the strongly eosinophilic trichohyaline-containing regions of the ®liform papillae (a,b) should be ignored. All bars represent 50 micrometers Figure 3 Ryk RNA levels vary little during late embryonic development. Total RNA from embryos at times post-conception, or intestine dissected from day 18.5 fetuses, show high, nearly equal levels of ryk hybridization by RNase protection assay. Interestingly, although intestinal ryk expression shows regions of strong speci®city, the total level does not dier from that in the embryo as a whole Figure 4 Ryk expression patterns reach peak levels in basal epithelia in an oblique section of paran-embedded day 16.5 post-coitus embryonic skin epithelium (a,b), and of a cross-section of frozen day 15.5 embryonic tail (c,d). In (a,b), solid arrows mark the basal layer, which shows stronger hybridization throughout the section, while outlined white arrowheads mark two of the developing hair follicles. In (c ± d), developing tail is marked with solid arrows at the basal epithelial layer, while an asterisk indicates the nonhybridizing bone tissue. All bars represent 50 micrometers Figure 5 Immunohistochemistry with ryk antibody in day 16 embryo shows strong staining only in the developing hair follicles. A low magni®cation view of the embryonic whisker pad (a) and two higher magni®cation views of individual follicles (b,c) show that ryk is present with membrane localization, peaking in an intermediate layer of cells in the follicle and increasing with approach to the surface. All bars represent 50 micrometers decidualization, and ceasing expression in the deciduocytes which will subsequently undergo apoptosis.
Discussion
Every organ and tissue type examined appears to express ryk at some stage of dierentiation and ryk is expressed continuously throughout the development of the embryo. In this study, we examined epithelial ryk expression in more detail, and show that there is a clear pattern of positive regulation of ryk transcription in cells at some stage of dierentiation, with subsequent shut-o of the gene in many of the most dierentiated cell types. Our data is complemented in this regard by another in situ panel (Wang et al., 1996) in which human ryk was localized to epithelium and stroma of the colon, mammary epithelium, epithelium of developing alveoli of the fetal lung and at lower levels in airway epithelium and the cu of smooth muscles, and speci®cally in the neogenic zone of the cortex of the fetal kidney. Most interestingly, while ryk was found to be absent from normal ovary, it is expressed at low levels in the stroma of benign or borderline ovarian tumors, and becomes most strongly expressed in epithelial tissue of malignant ovarian tumors (Wang et al., 1996) . Taken together, these data and ours indicate a fundamental relationship between epithelial growth or dierentiation processes and regulation of the ryk promoter.
Expression of ryk in the female reproductive tract is of special interest due to its inducibility in proximity to the implanting embryo and in advanced ovarian cancer. Ryk generally is expressed at high levels in mouse placenta, ovary, and uterus (Table 1) , and is induced surrounding the embryo at d4.5 and d6.5. In independent experiments using Clontech human Multiple Tissue Northerns, placental ryk signal appeared once at a moderate level with the usual transcript size (Wang et al., 1996) , and once at an extremely high relative level with high-molecular-weight transcripts Figure 6 In situ hybridization of day 4.5 blastocyst and surrounding placenta reveals a strong maternal induction in decidualizing stromal cells surrounding the embryo. Low magni®cation (a,b) and high magni®cation (c,d) views of one section show hybridization in the mature decidual cells of the uterus, which are recognizable by their larger nuclei, and also in some of the predecidual cells surrounding the mature decidua, which have larger extracellular spaces. The uterine epithelium, and the irregular, smaller cells of the primary decidual zone, appear to express very little ryk. The solid arrow in (c ± d) marks the trophectoderm, present as a ring within the ring of nonexpressing uterine epithelial cells. The trophectoderm is disrupted in a nearby section (e ± f), but the positively expressing inner cell mass (outlined arrow) is visible in this section at the mesometrial end of the blastocyst. An intervening sense control section was used to help reconstruct the morphology (data not shown). All bars represent 50 micrometers Figure 7 In situ hybridization of day 6.5 embryo and placenta shows continuing induction of ryk surrounding the embryo. In a low magni®cation view (a,b) the asymmetry of expression associated with the decidualizing antimesometrial stroma is evident. Scattered glands and a region immediately surrounding the embryo have little or no expression. The region surrounding the embryo is shown at greater magni®cation (c,d) . In an adjacent section where trophectodermal tissue is present (e,f), there is little observable signal in the embryonic tissue (Tamagnone et al., 1993) , suggesting that human ryk may also be strongly induced in maternal endometrium in contact with the placenta. Interestingly, another tyrosine kinase, neu/erbB2, an EGF receptor subunit whose overexpression correlates with poor prognosis in breast and ovarian cancers, has been shown to be induced in decidualizing stromal cells beginning with day 4.5 (Lim et al., 1997) , in a pathway which may relate to the release of TGF-alpha by blastocyst and uterine epithelium during implantation (Dey, 1996) . Activation of these signal transduction pathways may re¯ect a general shift of the stromal cells from a ®broblast-like morphology to a more epithelioid character during decidual dierentiation, with greater development of granular endoplasmic reticula, Golgi pro®les and vesicles, abundant intermediate ®laments and adherens junctions, and accumulation of glycogen and lipids (Abrahamsohn and Zorn, 1993, Welsh and Enders, 1985) .
Some comparison may also be made between expression in epithelial dierentiation and hematopoietic dierentiation. Ryk is present in cells selected for immuno¯uorescence staining to antibodies for CD4, CD8, B220, GR-1, or Mac1, but is expressed at 1000-fold lower levels in the undierentiated population sorted by lack of staining with these markers (Simoneaux et al., 1995) . Likewise, ryk could not be detected in B6SutA, FDCP1, or BAF3 cells, which have multipotential hematopoietic qualities, but was present in 11 of 14 of dierentiated hematopoietic cell lines tested (Yee et al., 1993) . Hematopoietic cells arise from the yolk sac and liver, endodermal tissues associated with the primitive gut and continually regenerate from a stem cell population in the adult. Interestingly, the intestine and colon are also endodermally derived tissues in which ryk appears to be expressed at a later stage of dierentiation. In all of the epithelia examined, ryk is never speci®cally localized only to stem cells or to the most dierentiated or quiescent cells, but varies in expression preference for amplifying or terminally differentiated portions of particular regenerating tissues.
One explanation for the epithelial expression pattern can be made by analogy with the highest-scoring ryk homologs with Gapped BLAST (Altschul et al., 1997) . These are the Drosophila proteins doughnut (dnt) and derailed (drl), and the C. elegans predicted ORF C16B8.1, for each of which there is data suggesting a potential role in controlling speci®c cell-surface interactions recognizing an appropriate location within the organism. Each has weak but signi®cant homology to ryk in the extracellular domain, a similarly placed transmembrane domain, and a tyrosine kinase-like catalytic domain which conserves some unique sequences more strongly than the invariant motifs for tyrosine kinases (Figure 8 ). Alignment of human ryk with Gapped BLAST yields highest scores and indicates signi®cant extracellular domain homologies for mouse ryk, doughnut, derailed, and C16B8.1, which are 93, 36, 34, and 29% identical overall and 91, 33, 24, and 22% identical in the extracellular domain, respectively. The next matches Figure 8 Alignment of ryk family members. C. elegans predicted ORF C16B8.1, mouse ryk, human ryk and Drosophila doughnut (dnt) and derailed (drl) are shown. Conserved amino acids are indicated by black boxes, and the conserved transmembrane domain is boxed. Arrowheads indicate splice junctions in the genomic sequences of C16B8.1 and derailed. Narrow shaded bars indicate the normally invariant tyrosine kinase motifs GXGXXG, VHRDLA and DFG, which are altered in a small group of tyrosine kinase homologs (Mossie et al., 1995) . The bracketed sequence corresponds to the activation segment portion that is crystallographically disordered in hck and src, coincides with sequence uniquely conserved among ryk family members, and includes the sequence speci®c context for possible phosphorylation at a conserved regulatory tyrosine. Accession numbers are GenBank U41031, L02210, X69970, AJ224361, L47260, respectively. The predicted C16B8.1 protein sequence is NIH 1098983 are viral and cellular sea, which are limited to tyrosine kinase domain homology, and which contain intact DFG motifs. Interestingly, although many of the conserved motifs of the tyrosine kinase domain are similarly variant in these molecules, a block of unique conserved sequence corresponding to crystallographically disordered regions of the Src and Hck activation segments (Xu et al., 1997 , Sicheri et al., 1997 surrounds a tyrosine residue, suggesting that whatever their catalytic activity, that the ryk family members should be activated by a speci®c tyrosine phosphorylation.
The derailed gene was isolated by enhancer trap screening for neural defects in Drosophila, which identi®ed it as a gene whose de®ciency causes inappropriate targeting of interneurons as axons of speci®c bundles take random paths (Callahan et al., 1995) . Subsequently, derailed was shown to have a similar eect on a subpopulation of muscle ®bers, which bypass their appropriate attachment sites in 20% of hemisegments (Callahan et al., 1996) . Derailed is expressed both in the muscle ®bers and in the region of epidermis surrounding the attachment site, in an increasingly tight pattern as development progresses. Therefore, if ryk and derailed are members of a larger family and if we hypothesize that the protein interaction of the derailed in making or recognizing attachment with some external feature of a target cell is conserved within the family, then we can make an analogy with the epithelial systems. In each location where ryk is expressed, the epithelial cells are entering a ®nal alignment for their dierentiated function. In the basal layer of the skin, cells are not only dividing and distributing from stem cells, but establishing contacts with their neighbors and choosing a moment to end contact with the basal lamina. In the hair matrix, the cells are establishing cortex, medulla, and inner root sheath, layers which will then move outward in unison. In the intestine, intervillus epithelial cells which emerge from invaginated crypts must ®nd and move onto extruding villi and establish a new monolayer. In the decidualizing uterine stroma, the cells surrounding the embryo phagocytose thin collagen ®brils and deposit a thicker type of collagen, while developing intermediate ®laments and adherens junctions, and reducing the size of the extracellular compartment (Abrahamsohn and Zorn, 1993, Welsh and Enders, 1985) . These situations suggest that both derailed and ryk could be responsible for recognizing an appropriate interaction, and signaling to the cell when it has, in eect, found its place. The recent submission of Drosophila doughnut sequence to GenBank (AJ224361), with the annotation that it is expressed in cells bordering sites of epithelial invagination during embryogenesis suggests that it will further contribute to this model. The C18B6.1 cosmid and a shorter construct predicted to produce only ryk-homologous C18B6.1 protein have been shown to complement the lin-18 (e620) mutant in C. elegans (Katz, personal communication). Lin-18 mutants produce an incompletely penetrant phenotype (Ferguson and Horvitz, 1985) , in which a single vulval precursor cell P7.p produces progeny whose asymmetric cell fates are reversed or duplicated and at elevated temperature the longitudinally dividing cells may fail to adhere to the cuticle (Ferguson et al., 1987) . Lin-18 aects the direction of process formation in some cells, and the relative positions of adherent and nonadherent cells. Lin-17, a homolog of the Drosophila frizzled seventransmembrane receptor which aects P7.p progeny in a manner similar to lin-18 (Ferguson et al., 1987) , can completely abolish cuticle adhesion in the lin-17; lin-18 double mutant (Katz, personal communication) . The role for lin-18 in precisely directed cell adhesion pathways is reminiscent of the function of derailed and supports a hypothetical role for ryk in epithelial and decidual morphogenesis.
The existence of ryk homologs in¯y, nematode, and man suggests either that Ryk has a fundamental function that is shared among the widest diversity of animals, or else that a variety of related functions may be mediated by a family of as yet undiscovered ryk homologs. Derailed function is apparently unnecessary for 70% of muscle ®bers to ®nd their targets, which suggests the existence of other proteins with related functions. In mammals, ryk can be localized to a syntenic region of mouse chromosome 9 and human 3q22 (Kelman et al., 1993 , Simoneaux et al., 1995 , Wang et al., 1996 . An additional strong signal (ryk-2), which recognizes coding sequence probes but not untranslated sequence, can be mapped by in situ hybridization to human chromosome 17q13.3 (Stacker et al., 1993) or RFLP analysis with linkage to mouse chromosome 12 (Gough et al., 1995) . Because isolations of ryk generally employed PCR-based methods for cloning tyrosine kinases, and Ryk homologs contain substantial variants of motifs which are normally invariant in the molecules shown to be active as tyrosine kinases, it is possible that other family members have eluded detection, though they might be amenable to cloning using the more strongly conserved motifs near the activation loop and the Cterminal portion of the kinase domain.
Our data have indicated speci®c transient induction of ryk in particular epithelia according to proliferation or dierentiation stage, but which varies between tissues and correlates more generally with the establishment of ®nal morphological relationships. Strong transient induction was also observed during dierentiation of uterine stromal ®broblasts tò epithelioid' mature decidua in response to implantation, which includes many changes in cellular contact with extracellular matrix and other cells. These circumstances resemble, in broad outline, those regulated by ryk homologs in fruit¯y muscle and nerve ®ber target recognition, and roundworm vulval epithelial cell adhesion and polarity determination. Further work characterizing ryk in these speci®c tissues, enlightened by continuing research of its known and unknown homologs, will allow us to gain an understanding of its function and associations at a molecular level.
Materials and methods
Ribonuclease protection assays
Fetuses were dated by time post-coitus: morning plugs are deemed to be day 0.5 (d0.5). Fetuses were dissected free of extraembryonic tissues and homogenized for total fetal RNA, or the intestines and caecum were removed for fetal gut RNA. All tissues were homogenized in guanidine thiocyanate solution with 2-mercaptoethanol (Chirgwin et al., 1979) , and total RNA was isolated by CsCl gradient centrifugation.
Distribution of ryk was analysed by ribonuclease protection assay using an a-32 -CTP labeled antisense RNA probe transcribed from a linearized pBlueScript SK II + plasmid (Stratagene, La Jolla, CA, USA) containing the cloned 210 bp catalytic domain fragment and protocol described previously (Siyanova et al., 1994) .
In situ hybridizations
In situ hybridization of intestine, skin, tongue and embryo time points frozen in OCT was performed as described (Siyanova et al., 1994) . A ryk cDNA (Siyanova et al., 1994) fragment 638 ± 1677 of the nyk-r sequence (Paul et al., 1992) , in pBluescript KS II 7 was used for in vitro transcription of sense and antisense probes. The probes were hydrolyzed to 150 bp fragments in sodium carbonate buer at 608C for better tissue penetration.
For paran-embedded tissue blocks (used for embryos of d9.5 and above), an alternate in situ protocol was used (Lee et al., 1992) , which yielded better tissue morphology at the expense of somewhat higher background hybridization. Brie¯y, embryos were ®xed overnight in 4% paraformaldehyde in PBS and embedded in Paraplast. Paran sections (8 ± 10 mm) on 3-aminopropyl-triethoxysilane treated slides were hydrated through xylene and graded ethanols to PBS, post-®xed for 2 min in 4% paraformaldehyde in PBS, washed, incubated for 7.5 min with 0.3 mg/ml proteinase K in 50 mM Tris-HCl, pH 7.5, 5 mM EDTA, washed, treated with 0.25% acetic anhydride in triethanolamine for 10 min, dehydrated and stored dry for up to 1 week prior to hybridization. Dry slides were prehybridized for 2 ± 4 h with 0.6 M NaCl, 0.12 M Tris-HCl pH 8.0, 8 mM EDTA, 0.02% Ficoll-400, 0.02% polyvinylpyrrolidone, 0.1% BSA, 500 mg/ ml sheared, denatured herring sperm DNA, 600 mg/ml yeast total RNA, 50% formamide. For hybridization, the probe was added to a ®nal concentration of 2610 5 c.p.m./ml in a volume of formamide, incubated at 808C for 1 min, quenched and added to an equal volume of 26hybridization buer and supplemented with 1/50 volume of 10% SDS and 1/50 volume of 1 M DTT. 16Hybridization buer is 0.6 M NaCl, 0.12 M Tris-HCl pH 8.0, 8 mM EDTA, 0.02% Ficoll-400, 0.02% Polyvinylpyrrolidone, 0.1% BSA, 100 mg/ml sheared, denatured salmon or herring sperm DNA, 100 mg/ml yeast total RNA, 10% dextran sulfate. Slides were sealed with cover slips and rubber cement for hybridization.
After an initial wash in 50% formamide, 26SSC at room temperature, slides were transferred to 50% formamide, 26SSC, 10 mM 2-mercaptoethanol at 508C for 30 min; 0.56SSC at room temperature for 30 min; 20 mg/ml RNAse A in 3.56SSC for 30 ± 60 min; two washes in 3.56SSC at room temperature for 10 min each; and 1.5 liters of 0.16SSC for 2 h at 658C. The 30% and 50% ethanol washes for ®nal dehydration used 0.3 M NaOAc for the aqueous component to avoid denaturation of hybrid complexes. Dipping and developing was done as previously (Siyanova et al., 1994) .
Immunohistochemistry
The immunochemistry of paraformaldehyde-®xed, paranembedded sections of d16.5 fetus was done using a Vectastain ABC Kit according to the manufacturer's instructions.
